Nucleoside reverse transcriptase inhibitors (NRTI) remain a cornerstone of current antiretroviral regimens in combinations usually with a non-nucleoside reverse transcriptase inhibitor (NNRTI), a protease inhibitor (PI), or an integrase inhibitor (INI). The antiretroviral efficacy and relative safety of current NRTI results from a tight and relatively specific binding of their phosphorylated nucleoside triphosphates (NRTI-TP) with the HIV-1 reverse transcriptase which is essential for replication. The intracellular stability of NRTI-TP produces a sustained antiviral response, which makes convenient dosing feasible. Lessons learned regarding NRTI pharmacology screening, development, and use are discussed. NRTI and prodrugs currently under clinical development are outlined.
from HIV-1 infections in the developed world [3] . Existing therapies cannot eradicate HIV infection due to the compartmentalization of the virus and its latent properties [4] . Therefore, chronic therapy remains the standard of care for the foreseeable future. Modern cART regimens are very effective clinically, but can fail, due primarily to lack of adherence to strict regimens, delayed toxicities and/or the emergence of drug-resistant HIV strains [5] . We will summarize lessons learned from the five potent US FDA approved and most commonly used NRTI, namely ZDV, 3TC, FTC, TDF and ABC, (Figure 1) , which have been the focus of previous comprehensive reviews [2, 6] . We will review potent NRTI and prodrugs undergoing clinical evaluation, including: Amdoxovir ® [AMDX or DAPD, RFS Pharma LLC], a prodrug of dioxolane-G (DXG), the only guanosine analog currently under clinical development; CMX-157 (Chimerix), a highly lipophylic phosphoroamidate prodrug of TFV; GS-3740, a isopropylalaninyl monoamidate phenyl monoester prodrug of tenofovir; Festinavir ® , a d4T analog with a 4′-ethynyl substitution (Festinavir, BMS, 4′-Ed4T); and
EFdA (4′-ethynyl-2-fluoro-2′-deoxyadenosine) recently licensed by Merck from Yamasa Corporation in Japan. Structures of NRTI and prodrugs are shown in Fig. 1 .
Cellular pharmacology and antiviral potency of NRTI
NRTI are usually hydrophilic molecules that enter cells through a combination of passive diffusion and carrier mediated transport. Many of the over 350 solute carrier superfamily may contribute to the membrane transport of NRTI [7] The equilibrative and concentrative nucleoside transporters may be the dominant mediators of NRTI cellular uptake, because they function rapidly (~ millisecond equilibrative t 1/2 ) and are present on the cell membranes of lymphocytes and other cells [8] . Carrier mediated transport may also be a factor in drug resistance, as certain NRTI and NRTI-TP are substrates for the membrane associated multidrug cell efflux transporter MRP-4 (MRP4) present in some cells [9] . Once internalized, NRTI require phosphorylation by intracellular phosphotransferases and nucleoside kinases to their active fraudulent NRTI triphosphate (NRTI-TP) analog. Like natural nucleosides, NRTI have varying affinities to and are phosphorylated by different cellular kinases. Studies performed in vitro and humans suggest that it is preferable to combine NRTI that employ different initial kinases in regimens, to avoid competitive inhibition of their respective phosphorylation enzymes [10, 11] . NRTI-TP undergo dephosphorylation by cellular 5′nucleotidases and phosphatases which are enantiomer-specific in nature. This phenomenon was exploited in the design of NRTI with the L-conformation such as 3TC and (−)-FTC, which have prolonged cellular stability half lives (t ½ ) compared to other NRTI, allowing them to be dosed once per day. The metabolism of NRTI has been reviewed in detail [12] . Thymidine kinase (TK 1 ) and thymidylate kinase (TMPK) are present in larger amounts in dividing than in resting cells. ZDV and d4T are phosphorylated by these enzymes, so that higher concentrations of their respective nucleotides accumulate in active than in resting lymphocytes [13] . Transformed lymphocytic cell lines, e.g., MT2 and CEM, are more easily maintained in cell culture, and have been used to test the pharmacology of NRTI, including those that have cell cycle specific phosphorylation [14, 15] . However, they are constitutively activated (dividing), as one of the hallmarks of cancer cells may include disrupted metabolism. Therefore, we prefer measuring NRTI phosphorylation and antiviral potency of NRTI using primary human mononuclear cells. The use of peripheral blood mononuclear (PBM) cells allows comparison of phosphorylation and antiviral potency before and after stimulation with phytohemaglutinin, so that cell cycle effects can be assessed. Furthermore, activated PBM cells are the primary substrate for HIV infection in vivo. However, even with primary PBM cell culture, it still remains difficult to perform a direct comparison between ZDV-TP and d4T-TP accumulation in vitro and in humans, due to different activation fractions of PBM cells in vitro and in vivo [13] .
Clinical studies with thymidine analogs typically report NRTI-TP contents of PBM cells, collected using a Ficoll gradient, without further enriching for activated CD4 + cells [16, 17] . Because TK 1 and TMPK expressions are cell cycle dependent, and the vast majority of PBM cells are non-activated in vivo, consideration of data from these measurements underestimates the ZDV-TP content in activated lymphocytes. Since HIV only infects PBM cells which are activated (CD4 + ), and the phosphorylation of ZDV and d4T is minimal compared to activated cells, a partial solution may be to scale NRTI-TP using "typical" activated PBM cell fractions measured in vitro and in vivo [18, 19] ; e.g., assuming activated PBM cell fractions of ~40 % in PHA stimulated cells and ~8 % in vivo [20, 21] . However, the fraction of dividing cells may vary between HIV infected individuals, and tends to be elevated in untreated HIV infected individuals and may decrease towards more normal levels once the infection is stabilized using cART [22] . In vitro to in vivo correlations are further complicated by variations in TMPK activities in PHA stimulated PBM cells from different donors, as TMPK is the rate limiting enzyme for phosphorylating ZDV-MP to ZDV-TP.
NRTI-TP compete with their natural dNTP for incorporation by HIV-1 RT into the elongating proviral DNA. Because all current NRTI lack a 3′-hydroxyl group, incorporation results in chain termination. NRTI-TP competes with its natural dNTP each time it appears in the active site near the reverse-transcribing viral RNA chain, produces multiple opportunities for NRTI blockade during a single round of reverse transcription. The long intracellular half-life (t 1/2 ) of many NRTI-TP can result in a significant post-plasma antibiotic effect, which may sometimes be exploited for designing more convenient dose regimens that are more forgiving when it comes to missed doses. This differs from NNRTI and PI, in which the antiviral effect is due to the unmetabolized drug, and where efficacy can be directly predicted by monitoring between dose trough plasma concentrations (C min ) [23] . For NRTI, efficacy may be related to maximal plasma concentrations (C max ), in order to "drive" cellular accumulation and phosphorylation of the NRTI to the long-lived triphosphate form, unless phosphorylation is rate limiting, as occurs with ZDV [16] .
Cellular toxicities and adverse effects of NRTI
Symptoms and mechanisms of NRTI toxicity have been extensively reviewed, and are most commonly ascribed to mitochondrial toxicities, which may result in organ specific toxicities which may include myopathy, peripheral neuropathy, pancreatitis and lactic acidosis [24] . In brief, certain NRTI phosphates can act as chain terminators when incorporated into the replicating DNA of mitochondria (mtDNA) due to the action of DNA polymerase (mtDNA polymerase γ, mtDNA pol γ), which is less able to discriminate between NRTI-TP and NTP than the polymerase found in the nucleus. This results in a relative depletion of mtDNA, and disrupted oxidative phosphorylation, as evidenced by the accumulation of nonesterified fatty acids and dicarboxylic acids. A competitive inhibition of mtDNA pol γ by NRTI-TP could also inhibit the repair of the mtDNA damage, since mtDNA pol γ also serves as the sole enzyme responsible for the base excision repair of oxidative damage in mtDNA. The association between d4T and ZDV with lipodystrophy has resulted in a decrease in their use, in favor of less toxic NRT (e.g., (−)-FTC, 3TC, and TDF), which are less prone to produce mitochondrial toxicity [25] . Therefore, NRTI should be designed to target HIV-1 RT while minimizing interaction with mtDNA pol γ, as is the case with NRTI 3TC and (−)-FTC, which have a markedly improved safety profile than ZDV and d4T, which are associated with side effects such as bone-marrow toxicity, lipodystrophy, and peripheral neuropathy. Enzymatic methods are commonly used to rank the relative affinities of NRTI for mtDNA pol γ (K i-DNA pol γ ) [26] . A more direct enzymatic measurement for assessing mtDNA pol γ mediated toxicity related to the K i-DNA pol γ is the in vitro toxicity index (TI), defined as the time required to replicate the mitochondrial genome, based on the rates of incorporation and removal of chain terminators [27] . Our laboratory prefers mitochondrial toxicity screening with a cell-based assay over 14 days, which takes into account the overall pharmacology of the NRTI analog including cellular uptake, phosphorylation, mitochondrial transport, and phosphorylation in addition to inhibition of mtDNA synthesis [28] . Other cell culture models are under development to evaluate for organ specific mitochondrial toxicity such as pancreatis [29] . TDF, is associated with an increased incidence of renal adverse events associated with markers of proximal tubule damage, including reduced creatinine clearance, proteinuria, glucosuria, phosphaturia, which may be enhanced in individuals with pre-existing renal disease [30] . The primary metabolite, TFV is a substrate for eflux transporters in the proximal renal tubules [31] , and studies using a murine model demonstrated mitochondrial toxicity in proximal renal tubules after TFV administration [32] . The biologically active metabolite of ABC, carbovir-TP, is incorporated by mtDNA pol γ, and ABC is associated with changes in biomarkers of cardiovascular risk [33] , although not all studies have been able to confirm that potential risk [34] [35] [36] . Hypersensitivity reactions occur in about 8% of individuals during clinical trials, which appears independent of mitochondrial toxicity, and is most prevalent in individuals with the HLA-B*5701 genotype [37] . Therefore, ABC is not recommended for individuals with this genotype. (http://www.viivhealthcare.com/products/ ziagen.aspx?sc_lang=enpdf, accessed 06-29-2012).
In vivo PK studies in NRTI drug development
Current NRTI used for the treatment of HIV are orally administered. In vitro evaluation does not provide direct information on the extent and rate of oral absorption, distribution and elimination (ADME) or in vivo toxicity of NRTI. Therefore, it is important to conduct in vivo studies early in the drug development process. Precise mechanisms of NRTI absorption remain uncharacterized. However, nucleoside/nucleotide transporters are present in the GI tract [38] . Other mechanisms including fatty acid absorption processes may be involved for NRTI prodrugs such as CMX-157 (below), which are not recognized by these transporters. Because of economic constraints, early in vivo PK and toxicity studies are usually performed in rodents, with confirmation in larger animals (e.g., dogs and/or monkeys). The resulting preclinical data may be used to derive interspecies dose scaling parameters for first in human (Phase 1) studies [39] . The metabolism of NRTI has been reviewed in detail [12] . Briefly, most NRTI (e.g., ddC, 3TC, FTC and TFV) are eliminated unchanged in the urine. However, about 74% of the ZDV dosage is recovered in the urine after conversion to the 5-O-glucuronide, after metabolism by UDP-glucuronosyl-transferase (UGT), and a minor fraction is metabolized to a 3′-amino containing metabolite by non-specific cytochrome P450 and reductase enzymes, followed by renal filtration of the metabolites. In the case of ABC, only 1.4% of administered ABC is recovered unchanged in the urine, the remaining fraction being glucuronidated via UGT to the 5-O-glucuronide metabolite. The 5′-OH moeity on the carbocyclic ring of ABC is also a substrate for alcohol dehydrogenase (ADH). The heterocyclic bases of ddI and d4T are rapidly metabolized by depurination and depyrimidation, respectively. TFV (a nucleoside phosphonate) and DXG (a dioxolane NRTI), are poorly absorbed in their parent form. Therefore, prodrugs of DXG (e.g., AMDX or DAPD) and TFV (e.g. TDF GS-7340 and CMX-157) (reviewed below), were developed to improve their ADME properties. Prodrug moieties may also influence tissue distribution. TDF is associated with a < 2% incidence of renal toxicity, which may present as a reduction in creatinine clearance, proteinuria, glucosuria, phosphaturia, and other symptoms [40] . However, unlike TFV, the highly lipophylic prodrug CMX-157 (featured below) is enzymatically cleaved intracellularly, so that plasma concentrations of TFV are low and CMX-157 does not undergo renal filtration and is not a substrate for OAT transporters, making it less likely to display renal toxicity [41] .
Population pharmacokinetic-pharmacodynamic (PopPK-PD) modeling and simulations
PopPK-PD (pharmacometrics) is an increasingly popular tool for the development of ARV including NRTI [42] . PopPK-PD models consider the different levels of variability in PK parameters which occur within and between individuals, and populations. An advantage of PopPK-PD compared to other PK methods is the ability to used fragmentary (missing values) or even unstructured data (e.g. from clinical visits), because this methodology makes use variance estimates to interpolate for "missing" data [43] . Subject covariates (e.g. gender, body weight, renal function, among others) may be included in models, and used to systematically analyze relationships with PK parameters, to determine whether uniform dosing is feasible, or to develop subject specific dosing protocols in silico. Thus, body weight and creatininine clearance have been used to predict NRTI clearance in individuals with renal failure [44] ; and in pediatric individuals [45] . Variance models based on data from earlier studies may be used to test potential regimens in silico, making them more likely to be effective and/or reduce toxicity. PopPK-PD models can be expanded to include biochemical and/or disease processes. For example, ZDV is associated with dose limiting bone marrow toxicities, making its use problematic in resource limited settings where toxicity monitoring facilities are lacking. Mitochondrial toxicity of ZDV may be associated with the accumulation of ZDV-MP, while antiviral efficacy is related to the accumulation of ZDV-TP [46] . A clinical study suggested that the phosphorylation of ZDV to ZDV-DP, but not to ZDV-MP, may be saturated at clinical doses [16] . An in silico pseudo-mechanistic simulation study, using a PopPKenzymatic model suggested the feasibility of ZDV dose reduction from 300 to 200 mg bid, to limit side effects (related to ZDV-MP), without compromising efficacy (related to ZDV-TP) [18] . Although this result was supported by a pilot clinical study, larger studies are warranted to validate this approach [47] . d4T is the only other thymidine NRTI currently approved for HIV-1, and is in the process of being phased out in resource-poor countries by the WHO due to a high incidence of slow onset lipodystrophy and peripheral neuropathy side effects. Although, retrospective and pilot clinical and modeling studies suggest that adequate cellular concentrations of d4T-TP are maintained for viral inhibition, and tolerability may be improved when d4T doses are reduced from 30 to 20 mg, bid [48] , there are conflicting reports as to whether dose reduction is sufficient to adequately control toxicity [49] . Therefore, there is room for a safe thymidine NRTI with potent activity versus HIV-1 with the K65R mutation, to replace ZDV and/or d4T. Festinavir® (Oncolys Biopharma, licenced to Bristol-Myers Squibb) (featured below), is a new long-acting 4′ethynyl derivative of d4T. However, this drug should be paired with some potent ARV that are not cross resistant to prevent the emergence of resistant virus.
The majority of HIV in the circulation is derived from productively infected CD4 + lymphocytes. Therefore, modeling viral depletion and CD4 + recovery during treatment requires suitable estimates of cell and infection dynamics. Pioneering research on CD4 + cell dynamics in vivo and their infection by HIV was performed by Novak, Perelson and others [50, 51] . In 2006, Rosario, et al., published a model which combined a virus dynamics model with PopPK, which was used to streamline the phase 2 development of the CCR5 receptor blocking ARV maraviroc [52, 53] . A similar PopPk virus dynamics model has been developed for 3TC, by superimposing phosphorylation to 3TC-TP, and binding with HIV-RT with viral infection kinetics, illustrating the feasibility of predicting viral depletion kinetics versus NRTI dose regimens during monotherapy [54] . This approach could be used for suggesting starting dosage regimens for novel NRTI under preclinical development.
Viral Reservoirs (genital tract, gut, macrophages, lymph nodes, CNS) and NRTI Prodrugs
cART can decrease serum HIV loads to below detectable levels, but are not curative, since HIV persists as latent infection (e.g., lymphocytes) or replicates in tissues shielded from antiretroviral agents by physiological barriers such as: the CNS which is shielded by the blood brain barrier (BBB), lymphoid tissue, and genital-urinary tract, shielded by endothelial cells surrounding the prostate and testes [55, 56] . Because macrophage-like cells, including circulating monocytes or microglia can phosphorylate NRTI less well than CD4 + lymphocytes, concentrations of NRTI-TP may be sub-therapeutic, allowing these cells to potentially serve as viral reservoirs [57] .
Penetration of NRTI into male and female genital tracts has been extensively reviewed, as they are important routes of infection for the majority of individuals [58] . NRTI tended to produce relatively greater exposures in seminal plasma of males and cervical vaginal fluids of females than other ARV. ZDV, 3TC, FTC, ddI and TFV penetrated both genital tracts at concentrations equal to or exceeding those in plasma, and above wild-type HIV-1 effective concentration (EC 50 reported for active TFV-DP were 10,813; 2939; 441; and 4,884 fmol.days/10 6 in PBM cells, VT, CT and RT, respectively. AUC 0-14 measured in PBM cells were 12,192 and 151 fmol.days/10 6 cells, indicating good drug exposures in these tissues [60] . In July 2012, Truvada was approved by the US FDA as HIV PrEP for high-risk individuals to reduce virus transmission (http://www.fda.gov/ForConsumers/ByAudience/ForPatientAdvocates/ HIVandAIDSActivities/ucm312264.htm, accessed 07-202012).
Gut-associated lymphoid tissue (GALT) comprises the largest lymphoid organ infected by HIV-1, and is a viral reservoir and host-pathogen interface in infection [61] . GALT represents a heterogeneous microenvironment where multiple HIV-1 target cells co-exist (macrophages and lymphocytes), allowing for a complex interplay between infection and cell signaling. Severe CD4 + T cell depletion and HIV-1 reservoir seeding in the gut mucosa begins early in the infection process and continues with disease progression [62] . HIV-1 DNA levels in gut mucosa of individuals undergoing cART are associated with persistent immune activation and inflammation, altered distribution of mucosal natural killer (NK) cells, and microbial translocation [63] . There are conflicting reports regarding direct correlation with establishment and persistence of heterogeneous quasispecies in the GALT. A study reported on the detection of different ZDV resistant HIV-1 strains in the colon versus that observed in other gut tissues, or blood of individuals administered ZDV ddI or ZDV/ddI combinations. This suggested that particular gut tissues could select differentially for NRTI resistant genotypes [61]. By contrast, other studies on chronically infected individuals reported a lack of evidence for compartmentalization of HIV-1 quasispecies observed in biopsies of the colon and ilium versus peripheral blood, suggesting an early establishment and persistence of viral reservoirs in the GALT with minimal diversity. A mega HAART regimen reported clearing HIV-1 from the gut and sera of infected individuals to < 50 copies per ml, suggesting that it may be feasible to develop drugs and treatment regimens to clear virus from this important reservoir [62] .
HIV infection persists in the CNS even when serum viral loads are maintained below limit of detection, where it contributes to inflammation and neurocognitive impairment (NCI) [64] . A semi-quantitative measure of CNS penetration (CPE score) considers the ratio of predicted concentration of ARV penetrating into the CNS relative to the EC 50 measured using activated PBM cells. ZDV and d4T tend to have better penetration into the CNS than other NRTI [65] . It remains to be seen whether CMX-157 (below), a phospholipid prodrug of TFV delivers adequate levels of TFV into the CNS. Cross-sectional observation studies reported lower incidences of NCI with regimens with higher CPE, and improved HIV-1 RNA levels among previously ARV naïve individuals [65] . However, the only published randomized study evaluating the strategy of increasing CPE demonstrated an inferior response in the arm containing ARV with the higher CPE scores [66] . Other refinements to the CPE score have been proposed including measures of potency in cells which could be relevant to seeding and/or persistence of CNS infection, e,g., monocytes and macrophages [67] . Chronic infection within macrophage-like cells in the brain/CNS can increase the overall activation state of uninfected monocytes, priming them for permissive infection, while influencing pro-inflammatory/pro-HIV-1 cytokine microenvironments [68] . Additionally, peripherally infected CD14 + /CD16 + monocytes function as "Trojan horses" by traversing the BBB during initial infection [69] . We have reported on initial work on RNA related NRTI which target viral infection in macrophages by exploiting the similar dNTP/ RTP concentration ratios in macrophages [70] .
Use of NRTI with complementary resistance patterns
ABC and TDF select for the K65R resistance mutation in the reverse transcriptase (RT) gene, which results from a single amino acid change from lysine to arginine in the RT gene, producing moderate resistance [71, 72] . Similarly, 3TC which has relatively potent (2 log 10 ) viral load reduction rapidly (within a few months) selects for a single base mutation at position 184 of RT (producing M184V), reducing susceptibility by 100-to 1,000-fold [73] . Although still a problem, M184V selection may be lower in individuals using TDF than in those using 3TC, in regimens composed of two NRTIs plus the NNRTI efavirenz [74] . However, HIV with the M184V mutation have increased susceptibility to ZDV, possibly as a result of a conformational change making it more favorable for the azido group on ZDV-TP to bind HIV-1 RT [75] . Other RT mutations, e.g. the TAMS specifically, D67N, K70R, T215Y, T219Q) develop more slowly [76] . DXG, the active metabolite of AMDX (featured below) selects for the K65R mutation as well, making it a candidate for co-administration with ZDV.
Adherence and fixed dose regimens
There is a trend towards replacing older formulations which required administration of multiple formulations multiple times per day, with fixed dose formulations which allow once or twice per day administration. Examples of formulations administered once per day include: Atripla® (efaverenz + TDF + FTC, Bristol-Myers Squibb and Gilead Sciences), Complera® (rilpivirine + TDF + FTC, Janssen Therapeutics and Gilead Sciences), Truvada® (TDF + FTC, Gilead Sciences). Although once per day regimens are preferred, the safety profiles of all components in the formulation should be considered. For example, Atripla®, was developed as a convenient one tablet per day HIV-1 treatment regimen. However, a study with 472 individuals demonstrated that about 21 % of individuals treated with this formulation had to discontinue Atripla® due to unpleasant CNS side effects, including nightmares and insomnia, which were associated with efaverenz, the potent long acting non-nucleoside RT inhibitor included in the formulation. Therefore, even though convenient to administer, Atripla® may not be suitable for use in first-line therapy for HIV [77] . However, once per day formulations are not always readily available, especially in resource-poor settings where HIV-1 is most prevalent. Examples of twice per day formulations include: Epzicom® (ABC+ 3TC, ViiV Healthcare) and Trizivir® (ABC + 3TC + ZDV, ViiV Healthcare), and Combivir® (ZDV + 3TC, ViiV Healthcare). Fixed dose formulations containing d4T are still used in resource poor settings (e.g., GPO-VIR S 30®, Thai Government Pharmaceutical Organization; Triomune-30®, Cipla Ltd). However d4T is associated with debilitating long term side effects, associated with mitochondrial dysfunction, which include hyper-lacteremia, lipodystrophy, neuropathies, and lactic acidosis, some of which are irreversible [78] . Therefore, the current World Health Organization as amended in 2010 was to reduce the d4T dosage of 30 mg bid (instead of 40), in all individuals regardless of body weight and replacement with safer and at lease equally effective ARV (e.g. TDF) when feasible (www.searo.who.int/LinkFiles/HIV-AIDS_Rapid_Advice_Adult_ART_Guidelines(web).pdf; Accessed 01-03-2011).
NRTI in Development
Amdoxovir® [(−)-β-D-2,6-diaminopurine dioxolane, AMDX, DAPD, RFS Pharma, LLC], is the only guanosine NRTI under clinical development for the treatment of HIV-1. AMDX is a water soluble prodrug of 9-(β-D-1,3-dioxolan-4-yl)-guanine (DXG), and is under Phase 2 development through a US-IND. AMDX has been safely administered to more than 200 subjects in seven Phase 1 and 2 clinical trials [47, 79] . AMDX is rapidly absorbed and is deaminated by adenosine deaminase, an ubiquitous enzyme, which subsequently undergoes cellular phosphorylation to DXG-triphosphate (DXG-TP), a potent inhibitor of wild type and drug resistant forms of HIV-1 [80] and hepatitis B virus in human hepatocytes [81] . Drug resistant HIV mutants susceptible to DXG in vitro include viruses containing M184V/I and thymidine analog mutations (TAMs: M41L, D67N, K70R, L210W, T215Y/F, K219Q/ E), and the 69SS double insert [82] . The t 1/2 of DXG-TP was ~16 hr in activated primary human lymphocytes and ~9 hr (or 27 hr including a questionable 48 hr time point) in humans, suggesting that twice a day (bid) dosing should provide adequate therapeutic coverage [83] . AMDX and DXG did not affect the levels of mtDNA in human hepatoma cells (HepG2) treated for 14 days at 10 μM, and there was no increase in lactic acid production in these cells [84] . Resistance in vitro develops slowly, and is associated with mutations at K65R or L74V [85] . Viruses containing the K65R mutation show moderate cross-resistance to zalcitabine, didanosine, adefovir and lamivudine (3TC), but increased sensitivity to ZDV [85] . ZDV alone selected for a mixture of K70K/R mutations at week 25 in vitro and AMDX alone selected for a mixture of K65R or L74V mutations at week 20.
When AMDX and ZDV were incubated with HIV-infected primary human lymphocytes, no drug resistant mutations were detected through week 28 [86] . Therefore, a proof of principle PK and virus dynamic study of AMDX/placebo with or without ZDV was performed in 24 randomized subjects administered oral AMDX 500 mg bid, AMDX 500 mg plus ZDV 200 or plus ZDV 300 mg bid or ZDV 200 or 300 mg bid for 10 days. The ZDV doses (200 or 300 mg, bid) were selected to test the feasibility of using a 200 mg bid dose of ZDV, as a strategy to limit ZDV toxicity while maintaining efficacy, as was suggested by an in silico study (refer to PopPK-PD modeling and simulations section). Co-administration of AMDX with ZDV did not change either of the plasma PK parameters or percent AMDX, DXG or ZDV/GZDV recovery in the urine significantly [79] . The mean decrease in log 10 ( of viral load) were −0.69 with ZDV 200 mg, −0.55 with ZDV 300 mg, −1.09 with AMDX, −2.00 with AMDX plus ZDV (200 mg), −1.69 with AMDX plus ZDV (300 mg), compared to 0.10 with placebo. AMDX plus ZDV (200 mg) was significantly more potent than AMDX monotherapy in area under the viral load versus time curve (AUC(VL)) and mean VL decline (P = 0.019 and P = 0.021, respectively), suggesting at least additive efficacy. There was a marked decrease in the variability of viral loads in groups administered ZDV with AMDX, compared with those administered AMDX alone [47] . All adverse events were mild to moderate. This combined therapy, including the use of a lower ZDV dosage, warrants further assessment in larger clinical trials.
CMX-157 (hexadecyloxy-TFV, Chimerix), is a lysolecithin-derived prodrug of the nucleoside phosponate TFV which is undergoing phase 2 testing. CMX-157 was recently licensed to Merck Pharmaceuticals for further development and commercialization (http:// www.marketwatch.com/story/merck-inks-two-pacts-for-investigational-hivdrug-2012-07-24, accessed 07-25-2012). The lysolecithin moeity allows CMX-157 to utilize natural lysolecithin uptake pathways in the gut, resulting in high oral absorption observed in animal models (rats and monkeys) [87] . CMX-157 accumulated > 30 fold higher cellular concentrations of TFV-TP than did TDF in human PBM cells at physiological concentrations [88] . Favorable results were reported in a Phase 1 randomized blinded, doseescalation trial, which demonstrated safety, tolerability and linear single dose PK between 25 and 400 mg in healthy human volunteers. Active TFV-DP remained detectable for six days in the PBM cells of individuals administered a single 400 mg administration of CMX157, suggesting the possibility of a convenient, once per week dose regimen (Chimerix website: http://www.chimerix.com/news-and-resources/news-and-resources-details/ chimerixs-antiviral-cmx157-demonstrates-positive-phase-1-clinical-results-w, accessed 06-21-2012). Antiviral data from experiments performed in cell culture demonstrated a > 2log improvement in potency (EC 50 ) versus HIV-1 compared with TDF [89] . It was proposed in addition to RT inhibition by TFV-DP, the improved potency may also involve binding of CMX-157 to cell-free virions through a direct insertion into viral envelope and subsequent facilitated delivery of TFV into infected cells [90] . Unlike the TDF, CMX-157 remains intact in the circulation and is cleaved intracellularly to TFV. CMX-157 is not a substrate for nucleoside transporters and may enter cells by diffusion through the cell membranes, as it is lipophylic in nature. CMX-157 is not a substrate for human OAT1 and OAT3 transporters found in renal tubules, and is eliminated mainly via hepatic metabolism [41, 87] . Cellular accumulation was reduced by more than 90% in the presence of 20% serum in vitro, which may be even greater in vivo (100% serum). A major potential advantage of CMX-157 may include enhanced drug delivery to fatty tissues such as lymph nodes (refer to section on viral reservoirs). However, increased lipophylicity may lead to an increased tissue volume of distribution, and decreased plasma concentrations. Future clinical trials will reveal the relative contributions of a vastly improved antiviral potency and increased drug exposure to lipophylic viral reservoirs, versus decreased plasma concentrations due to increased tissue distribution, and significant binding to serum proteins.
GS-7340 [((9-[(R)-2-[[[[(S)-1-(isopropoxycarbonyl)ethyl]amino]phenoxy-phosphinyl]-
methoxy]propyl]adenine); Gilead Sciences], is an orally absorbed isopropylalaninyl monoamidate phenyl monoester prodrug of TFV, which is undergoing phase 2 testing for the treatment of HIV [91, 92] . GS-7340 is ~400-fold more potent than TFV versus HIV in human PBM cells [93] . The stability of GS-7340 is about 200 fold greater than TDF, so that levels are detectable in the circulation. GS-7340 is converted by lysosomal protease cathepsin A (CatA) in PBM cells to an alanine metabolite of TFV (TFV-Ala), which then degrades to TFV under acidic pH in lysosomes [94] . PK studies in beagle dogs demonstrated a rapid plasma clearance with 34-fold greater 24 hr TFV-DP exposures in PBM cells compared to TDF, and five to 15-fold greater levels of GS-7340 metabolite was observed in lymphatic tissues compared with TDF. Therefore, GS-7340 has potential for targeting lymphatic tissue. Elevated amounts of GS-7340 metabolites were also observed in other tissues and in bile [93] .
A phase 1 monotherapy trial compared GS-7340 (50 or 150 mg) to TDF (300 mg), once per day for 14 days in previously untreated HIV-infected men (n = 9 per group) [91] . The decline in log 10 HIV-1 RNA copies per ml of the GS-730 groups administered 50 and 100 mg per day were − 1.57 ± 0.53 and − 1.71 ± 0.24, and were statistically greater than that the −0.94 ± 0.49 decline observed for the TDF group (p = 0.0257 and 0.0010, respectively). Plasma concentrations of TFV were 56 % and 88 % lower, respectively, compared to the TDF group. The accumulation of TFV-DP in PBM cells measured for the respective doses of GS-7340 were 8 and 18-fold higher and 4 and 33-fold higher on days 3 and 14, compared with subjects receiving TDF. A follow up randomized dose-finding, 10-day monotherapy study was conducted in 38 subjects (97% male), to compare antiviral efficacy and PK of GS-7340 (8, 25 , and 40 mg once daily) to open-label TDF (300 mg once daily) or placebo (n = 9, 8, 8, 6, and 7, respectively) [92] . The averaged 10 day decline in log 10 HIV RNA/ml (DAVG 10d ) of the GS-7340 8 mg group was similar to the TDF group (−0.76 versus −0.48, P = 0.22), and superior to the placebo group (−0.76 versus -0.01, P = 0.0002). DAVG 10d of the 25 and 40 mg GS-7340 groups exceeded the TDF group (−0.94 and −1.13 versus −0.48, P = 0.01 and 0.001, respectively). Median changes in HIV-1 log 10 RNA/ml from baseline after 10 days were: placebo (0.003); TDF (−0.97); GS-7340 8 mg (−1.08); 25 mg (−1.59); 40 mg (−1.73), suggesting that a 25 mg dose may produce close to maximal antiviral response. Plasma exposures to TFV in the GS-7340 groups were 80 to 97 % lower than the TDF group. GS-7340 was well tolerated and no TDF resistance mutations were detected in either study. Therefore, GS-7340 administered at 40 mg per day was considered more efficacious and potentially safer than 300 mg TDF per day. Ed4T, which is 4-6 fold more potent versus HIV-1 and has much lower affinity for mtDNA pol γ than d4T, making it much less toxic to mitochondria than d4T [95] . 4′-Ed4T did not degrade mtDNA in long term primary cultures of cells isolated from human kidney, skeletal muscle and subcutaneous fat, or influence lactate levels in culture with muscle cells [96] . The accumulation of 4′-Ed4T-TP in CEM cells were ~ twice that of ZDV-TP and ~4 fold higher than d4T-TP. Although the accumulation of 4′-Ed4T-MP was lower than for ZDV-MP, levels were higher than d4T-MP, consistent with TMPK catalyzing the rate limiting phosphorylation step. The decay t 1/2 of 4′-Ed4T-TP in CEM cells was similar to ZDV-TP (t 1/2 ~8.3 versus ~8.7 hr, respectively) and 2-fold slower than d4T-TP [15] . 4′-Ed4T demonstrated similar antiviral potency in wild-type NL4-3 HIV-1 and in HIV-1 with K65R and Q151M RT, and enhanced potency in HIV-1 containing the K103N mutations. Although 4′-Ed4T was 4.5 to 17.5 fold less potent in a multi-drug resistant clinical isolate than against a strain isolated from a treatment naïve individual, concentrations of 4′-Ed4T needed to inhibit the resistant virus remained relatively low [14] .
4′-Ed4T was well tolerated in a phase 1 study in healthy individuals administered 100 to 900 mg once per day. Plasma C max was reached in one to two hr, and remained above the in vitro EC 50 and EC 90 versus wild type HIV-1 (0.475 and 5 ng/ml, respectively). Plasma concentrations were unaffected by food and increased linearly with dose, and declined with a median t 1/2 of 2.3 to 3.7 hr [97] . A phase 1b/2a monotherapy study was conducted in 32 HIV treatment experienced individuals, administered 100, 200, 300 or 600 mg doses over a 10 day period. Average log 10 HIV-1 RNA reductions after 10 days were −0.87, −0.98, −1.36, and −1.2, respectively, comared to −0.07 for the placebo group. Median increases in CD4 + cell count were 70, 180, 130, and 120 cells/ml, respectively. One individual on the 600 mg dose had a thymidine analog mutation (TAM) on day 1 (T215/S), which was not observed on days 11 or 17. Two subjects in the 300 mg cohort had TAMS on day 17, which was not present at days one or 11. However, all three individuals had log viral load reductions > 1 on day 11 [98, 99] . The apparent maximal viral load reduction and increase in CD4 + cell counts may suggest that similar to ZDV, phosphorylation may be saturated at clinically achievable doses, as was observed in the cell culture studies. The number of individuals tested was insufficient for statistical analysis.
EFdA (4′-ethynyl-2-fluoro-2′-deoxyadenosine, Merck), is a potent purine nucleoside that is in advanced preclinical studies. An in vitro study demonstrated a much slower onset of resistance for EFdA in comparison with 40 -Ed4T or TDF, versus a cocktail of 11-HIV-1 clinical isolates incubated with MT4 cells. Furthermore, EFdA remained active against the resistant strains selected for by 4′-Ed4T or TFV. ZDV, 3TC and (−)-FTC which were inactive against the HIV-1 cocktail used in this experiment, suggesting that EFdA may have a different resistance profile than the other NRTI tested. [100] . A pre-steady-state enzyme kinetic study demonstrated that EFdA-TP was the first analog to be preferred over native nucleotides by HIV-1 RT, but to experience negligible incorporation by wild type (WT) pol γ, suggesting it may produce an ideal balance between high antiretroviral efficacy and minimal host toxicity. WT pol γ could discriminate Ed4T-TP from the natural dTTP analog 12,000-fold better than RT. A structurally related NRTI, 2′,3′-didehydro-3′deoxythymidine (stavudine, d4T), was reported to be the only other analog favored by RT over native nucleotides, but it exhibited only a 13-fold difference (compared with 12,000fold for Ed4T) in discrimination between the two enzymes. It was proposed that the 4′ethynyl group of Ed4T serves as an enzyme selectivity moiety, crucial for discernment between RT and WT pol γ [101] .
EFdA demonstrated three orders of magnitude greater potency than TFV, ZDV and (−)-FTC in blocking replication of SIV in macaque PBM cells. A study in macaques administered EFdA 0.4 mg/kg, subcutaneously twice per day, demonstrated a three to four log decreases in plasma virus that subsequently became undetectable. After treatment the rebound virus contained the M184V/I mutation, but remained fully susceptible to EFdA [102] . Enzymatic studies indicate that EFdA is poor substrate for mtDNA pol γ, so that it is unlikely to have mitochondrial toxicity [103] . At the time of this writing, EFDA has not undergone clincial testing.
Conclusions
The field of nucleoside chemistry and biology continues to produce numerous highly effective ARV for the treatment of HIV, HBV and hepatitis C virus that has prolonged the lives of millions of infected persons. Although no perfect NRTI exists yet, data contained in this review suggest that the field of nucleoside chemistry and biology is expanding and that we have made great strides in terms of potency, clinical efficacy and safety, thus providing improved treatment options for persons infected with HIV. 
